Recombinant vectors based on adeno-associated virus (AAV) are proving to be powerful tools for genetic manipulation of the liver, for both discovery and therapeutic purposes. The system can be used to deliver transgene cassettes for expression or, alternatively, DNA templates for genome editing via homologous recombination. The replicative state of target cells is known to influence the efficiency of these processes and knowledge of the host-vector interactions involved is required for optimally effective vector deployment. Here we show, for the first time in vivo, that in addition to the known effects of hepatocellular replication on AAVmediated gene transfer, the vector itself exerts a potent, albeit transient suppressive effect on cell cycle progression that is relieved on a time course that correlates with the known rate of clearance of input single-stranded vector DNA. This finding requires further mechanistic investigation, delineates an excellent model system for such studies and further deepens our insight into the complexity of interactions between AAV vectors and the cell cycle in a clinically promising target tissue.
INTRODUCTION
The liver is an attractive target for gene therapy due to the large number of genetic disorders in which specific functions of the liver are lost or impaired. Among existing gene delivery technologies, vectors based on adeno-associated virus (AAV) show special promise for liver-targeted applications, with the potential to be exploited in both conventional gene addition and targeted genome editing strategies. Numerous disease phenotypes in small and large animal models have been corrected using the former approach [1] [2] [3] [4] [5] [6] and clinical benefit has been reported in a human clinical trial. 7, 8 Reports of successful correction of the coagulation defect in mouse models of haemophilia B (factor IX deficiency) using AAV-mediated gene targeting in vivo have also been recently published, further underscoring the exciting potential of AAV vectors in the liver. 9, 10 Realisation of the full therapeutic potential of AAV vectors in the liver requires a thorough understanding of host-vector interactions. A host parameter of particular importance is the replicative state of the target cell population. For example, in vitro studies of AAV-mediated transduction and gene targeting efficiencies in primary human fibroblasts have shown that both are favoured by active proliferation. 11, 12 Conversely, in vivo studies in the mouse have shown that hepatocellular proliferation is accompanied by loss of episomal AAV genomes, the predominant molecular species responsible for transgene expression in the liver following AAV transduction. 3, 13 Further complicating these host cell cyclerelated effects is the potential of the vector itself to influence the cell cycle. This phenomenon was first reported for wild-type AAV, with infection interfering with transit through the cell cycle even after inactivation of the virus by UV light exposure. 14 This effect has subsequently been linked to the capacity of wild-type AAV genomes to provoke a DNA-damage response that is independent of viral gene expression. 15, 16 The underlying mechanism by which this DNA-damage response is provoked remains incompletely understood. One hypothesis is that the single-stranded viral genome and flanking T-hairpin shaped inverted terminal repeats induce a DNA-damage response by mimicking a stalled replication fork. 15 If this hypothesis is correct, recombinant AAV genomes would be predicted to be similarly potent in provoking DNAdamage responses. However, the same group have subsequently reported that recombinant viral genomes are deficient in provoking a DNA-damage response, and presented evidence that sequences lying within the p5 promoter region (AAV2 nucleotides 250-304), absent from recombinant AAV (rAAV) genomes, are involved. 17, 18 We and others have previously shown that gender influences the level of rAAV gene transfer to the liver, with male mice exhibiting higher levels of transgene expression than females. 1, 19, 20 Extending this observation, we have also observed that the patterns of long-term persistence of episomal vector genomes and associated transgene expression differ across the hepatic lobule in male and female mice, and presented early evidence of a correlation with hepatocellular proliferation. 20 Given the potential clinical significance of these observations, the current study was undertaken to further examine the levels of hepatocellular proliferation in adult male and female mice following AAV-mediated gene transfer. Although we anticipated basal rates of hepatocellular proliferation would influence rAAV transduction, we unexpectedly observed a converse effect. Transduction was associated with a marked, albeit transient and suppression of hepatocellular proliferation in both male and female mice. We further show that this effect is vector genomedependent and likely involves triggering of DNA-damage checkpoints leading to cell cycle arrest.
RESULTS AND DISCUSSION
To detect hepatocyte replicative activity a 5-Bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich, St Louis, MO, USA) labelling strategy was used. This nucleotide analogue is incorporated into newly synthesised DNA allowing nuclei that have transited S phase to be detected by immunohistochemical staining (Figure 1a ). Mononucleated hepatocytes with labelled nuclei (singlets) are indicative of cells that have transited S phase, but not progressed to mitosis. Two closely spaced labelled nuclei (doublets) are indicative of either a mononucleated hepatocyte that has transited S phase and progressed through G2 to mitosis, or alternatively a binucleated hepatocyte that has transited S phase, but not progressed to mitosis (with or without cytokinesis). 21 Cohorts of young adult (8-10-weeks-old) male and female mice were injected with BrdU daily for 1 week immediately before liver harvest at 2 weeks, 3 months and 6 months after AAV vector delivery ( Figure 1b ). The initial rAAV2/8 vector used encoded enhanced green fluorescent protein (eGFP) and was delivered at a dose of 1 × 10 11 vg per mouse via the portal vein as previously described. 20 Control mice received phosphate buffered saline (PBS) via the same route. Following harvest at the specified timepoints, livers were processed for immunohistochemical analysis of BrdU labelling. The total number of labelling events per 10 4 hepatocytes, and the relative proportion of singlet and doublet labelling events were then counted.
At 2 weeks post-transduction the total number of labelling events (singlet and doublet) were dramatically reduced by ∼ 11-fold in both male and female vector treated mice relative to PBS-treated controls (Figure 2a ), whereas the relative proportion of singlet and doublet labelling events did not change significantly (data not shown). By 3 months post-transduction this suppression was completely relieved, and replaced with an opposite trend, albeit not statistically significant, towards increased labelling in both vector-treated male and female mice ( Figure 2b ). A similar result was also obtained 6 months posttransduction, but against lower basal levels of BrdU labelling, and with the result in males achieving statistical significance ( Figure 2c ). When data from both genders were combined to increase statistical power, the increased labelling observed in vector-treated mice achieved statistical significance at both 3 month and 6 month, post-transduction ( Figure 2d ).
We next sought to determine which component of the rAAV virion is responsible for the transient suppression of BrdU labelling observed 2 weeks post-transduction. To address this question cohorts of young adult male mice were injected via the portal vein with either (i) AAV8 empty capsids, (ii) an rAAV2/8 vector encoding argininosuccinate synthetase, a urea cycle enzyme native to the mouse liver, (iii) the rAAV2/8-eGFP vector used in initial experiments or (iv) PBS. As in the initial experiment, a vector dose of 1 × 10 11 vg per mouse was used, and the equivalent dose of empty capsids determined by enzyme-linked immunosorbent assay (ELISA). The Livers were harvested 2 weeks or 3 months later with BrdU labelling over the preceding week. Consistent with the previously acquired results, the livers from mice receiving rAAV2/8 vectors encoding either argininosuccinate synthetase or eGFP showed significantly suppressed levels of BrdU labelling relative to PBS-treated control mice, whereas mice receiving empty capsids showed no suppression of labelling relative to control mice (Figure 3a ). At the 3 month time-point there was no statistically significant difference in the level of labelling between any of the treatment groups, although the previously observed trend towards increased labelling in AAV2/8 vector-treated mice was again observed (Figure 3b ). In order to show that mice treated with empty capsid were indeed exposed to AAV8 capsid protein, an ELISA was performed on serum collected 2 weeks postinjection ( Figure 3c ). All groups exposed to AAV8 capsids (whether Taken together these data support the conclusion that transduction of the adult mouse liver with AAV vectors is accompanied by marked transient suppression of hepatocellular proliferation. Observation of similar levels of reduction in the number of BrdU-labelled events (singlet and doublet nuclei) 2 weeks following vector exposure is consistent with cell cycle arrest at the G1/S checkpoint and possibly also at the G2/M checkpoint. Although numerically probable, G2/M checkpoint arrest cannot be definitively concluded as doublet labelling events can be produced by arrest at either checkpoint, depending on the initial number of nuclei present in a replicating hepatocyte.
The failure of empty AAV capsids to exert a similar effect is consistent with a mechanism involving the vector genome. Although the data presented do not directly define which properties of the vector genome might trigger hepatocyte cell cycle arrest, there are multiple lines of indirect evidence favouring hepatocyte sensing of input single-stranded rAAV genomes. The involvement of vector-encoded transgene products is improbable given the relatively long term persistence of transgene expression in the adult mouse liver following rAAV-mediated gene transfer 3, 22 and transient nature of the suppression observed. Similarly, longterm transgene expression is supported predominantly by the persistence of double-stranded rAAV episomes, and to a lesser extent by integrated vector genomes. In contrast, we have previously shown that the number of input single-stranded rAAV genomes present in the adult mouse liver declines rapidly between 3 days and 2 weeks after delivery, a time-course matching the transient suppression of hepatocellular proliferation observed. 22 Although there is an extensive body of literature exploring the effects of DNA-damage-response proteins, such as the Mre11, Rad50 and Nbs1 complex, on rAAV transduction, [23] [24] [25] this report is the first to provide in vivo evidence of efficient AAV vectormediated triggering of cell cycle arrest. Moreover, our findings are difficult to reconcile with previously published data suggesting that AAV vectors are deficient in provoking a DNA-damage response due to the absence of cis-acting elements mapped to the p5 promoter region of the wild-type AAV genome. 17, 18 Resolution of these apparent discrepancies requires more extensive analyses than we have undertaken in this brief descriptive report. Certainly our central observation of potent transient AAV vector-mediated inhibition of cell cycle progression in primary murine hepatocytes in vivo defines a potentially powerful model system for detailed dissection of the mechanisms by which cells sense incoming AAV vector genomes and the properties of the AAV vector genome involved. It will also be important to establish whether similar transient inhibition of hepatocellular proliferation occurs in the growing juvenile liver where the basal rates of hepatocellular proliferation are higher.
One further observation of interest from a host-vector interaction perspective is the small but statistically significant increase in the levels of hepatocellular proliferation seen at 3 months and 6 months following vector exposure when compared with PBS controls. One possible explanation in the context of the current study is a subtle toxic effect of eGFP expression driving increased cell turnover. [26] [27] [28] Alternatively, the increased levels of hepatocellular proliferation observed at later time points may be the result of compensatory liver growth once the initial replicative suppression is relieved. Again, further studies are required to definitively define the mechanism involved.
In summary, we show for the first time that recombinant AAV vectors are capable of causing transient cell cycle arrest in vivo in the adult mouse liver, and present initial evidence favouring a mechanism involving the input single-stranded vector genome. Our findings support the conclusion that AAV vectors can indeed stimulate DNA-damage responses in a clinically relevant primary target cell type, and add a further level of complexity to the nexus of bidirectional host-vector interactions involving the cell cycle. More extensive studies are required to explore the mechanisms involved and to document the effects of age-dependent differences in basal rates of hepatocellular proliferation on the levels of transient replicative suppression observed.
MATERIALS AND METHODS
Vector production and animal studies The vector construct containing a liver-specific promoter (LP1) driving the expression of eGFP has been previously described. 22 The rAAV vector stocks were prepared by calcium phosphate transfection of HEK293 cells and purified by CsCl centrifugation. 22 Vector was titred by quantitative PCR using primers to the woodchuck post-regulatory element as previously described. 29 Empty capsid vector stock was prepared as above with omission of the plasmid containing the vector genome. Location of empty genomes in the CsCl gradient was determined by ELISA with capsid detected using serum from AAV8 immunised mice and a polyvalent goat anti-mouse horseradish peroxidase conjugate (Sigma-Aldrich) detection antibody. Titre of empty capsid vector stock was established by ELISA. A standard curve was prepared using vector genome containing virus stocks (with titre established by quantitative PCR) from which an equivalent capsid titre for the empty capsid stock was interpolated. All animal ethics procedures were evaluated and approved by the Children's Medical Research Institute and The Children's Hospital at Westmead Animal Care and Ethics Committee. Male and female C57bl/6 mice were injected with 1 × 10 11 vg via the portal vein. 29 To label proliferating hepatocytes mice were injected with 100 mg kg − 1 BrdU twice a day by intra-peritoneal injection for 7 days before harvest. Liver collected for immunohistochemistry analysis was fixed in 10% neutral buffered formalin before embedding in paraffin. Liver collected for eGFP, vector genome and immunofluorescence analysis was prepared as previously described. 29 Quantification of BrdU positive hepatocytes Paraffin sections (0.5 μM) were cut onto SuperFrost Plus (Menzel-Gläser, Braunschweig, Germany), dewaxed in xylene and rehydrated through ethanol gradient. Antigen was retrieved in sodium citrate buffer before endogenous peroxidase was blocked in 0.3% (v/v) H 2 O 2 , prepared in methanol, for 30 min. Slides were rinsed in Figure 3 . The presence of single-stranded DNA (ssDNA) rather than the AAV capsid influences the level of BrdU incorporation in hepatocytes. Liver was harvested 2 weeks (a) or 3 months (b) post transduction after labelling with BrdU. The relative number of BrdU positive nuclei counted across liver sections after normalisation per 10 000 hepatocyte nuclei is shown. In order to show that mice receiving the empty capsid preparation were indeed exposed to capsid, serum from all groups was collected and anti-AAV8 capsid antibodies detected by ELISA (c). Error bars represent mean ± s.e.m. of n = 4 per group. Statistical significance between groups is indicated (*) and was determined using the Mann-Whitney test.
PBS before denaturation of DNA was carried out by incubation in 1.5 M HCl for 15 min. Slides were washed 3 times in 2 × 0.3 M sodium chloride, 0.03 M sodium citrate dehydrate, pH7.0, buffer before endogenous avidin and biotin was blocked using Avidin/Biotin Blocking Kit (VectorLabs, Burlingame, CA, USA). Slides were incubated with sheep anti-BrdU antibody (Abcam, Melbourne, NSW, Australia) in donkey serum block (8.6% (v/v) fetal calf serum (FCS)/13% (v/v) donkey serum in PBS) for 1 h at room temperature. This primary antibody was detected with donkey anti-sheep biotin conjugated secondary (Jackson Immuno Research, West Grove, PA, USA) and the strepavidinhorseradish peroxidase complex, ready-to-use Elite ABC reagent (VectorLabs). Positive staining was visualised with 3,3'-diaminobenzidine substrate solution (Sigma-Aldrich). To label central veins sections underwent a second avidin/biotin blocking step and proceeded through the steps described above using a primary rabbit anti-glutamine synthetase antibody (Abcam) followed by a biotin conjugated donkey anti-rabbit secondary (Jackson Immuno Research). Detection of the second label was performed using VIP purple peroxidase substrate solution (VectorLabs). Sections were subsequently counterstained with haematoxylin before dehydration and cover slipping.
For each mouse two separate sections of liver were analysed for the number and location of BrdU hepatocytes. Samples were deidentified before analysis. Using an upright light microscope the number of positive hepatocyte nuclei (identified based on size and morphology) were counted (section areas contained between 1.2 × 10 4 and 26 × 10 4 nuclei). To account for any bias due to sample size the area of each section was determined using ImagePro Plus version 4.5 software (Media Cybernetics Inc., Rockville, MD, USA). The total hepatocyte nuclei in two representative sections (with known area) were counted to determine the number of nuclei per unit area. Counts of all sections were then normalised to area and expressed per 10 4 nuclei. Mean basal rates of proliferation in control mice ranged from 0.27-0.6%, consistent with previous reports 30, 31 supporting the validity of the method.
Detection of anti-capsid 8 antibodies in mouse serum by ELISA Serum was collected from mice at time of harvest. ELISA plates (96-well Microtest; BD Biosciences, North Ryde, NSW, Australia) were coated with 50 μL rAAV2/8 viral stock diluted in PBS (1:200, 1:1000, 1:10 000 or 1:60 000), plates were incubated at 4°C overnight. Plates were blocked with 100 μL 5% (w/v) skim milk powder in PBS for 1 h at room temperature. After washing 50 μL of mouse serum samples diluted 1:400 with PBS was added and plates incubated for 1 h at room temperature. To detect the mouse serum antibodies bound to viral capsid a polyvalent goat anti-mouse horseradish peroxidase conjugate (Sigma-Aldrich) was diluted at 1:2000 in 5% skim milk powder, incubated on the plate for 1 h at room temperature before detection with 75 μL 3,3′,5,5′ Tetramethylbenzidine substrate solution. The reaction was stopped with an equal volume of 1 M H 2 SO 4 before absorbance was read at 450 nm.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). Data were analysed using the non-parametric Mann-Whitney test. Significance was interpreted as P ⩽ 0.05.
